Using first principles calculations based on the density functional theory and generalized gradient approximation we show that the ground state of Mn doped ZnO ͑1010͒ thin film changes from antiferromagnetic to ferromagnetic when codoped with N. The ferromagnetic coupling between Mn spins arises due to the overlap between N 2p and Mn 3d electrons in the spin up band, rendering the system half-metallic character.
The potential of dilute magnetic semiconductor materials for applications in electronic and magnetic devices has created considerable interest in the study of III-V and II-VI semiconductors doped with transition metal impurities. Of these, the most extensively studied systems are (Ga,Mn)N and (Zn,Mn)O as these were predicted to be ferromagnetic at or above room temperature. 1 As a host material, ZnO has certain advantages over GaN. It is transparent and up to 35% Mn can be doped into ZnO by the pulsed laser technique. 2 This leads to the possibility that optoelectronic devices could be fabricated if transparent (Zn,Mn)O could be made into a ferromagnet at room temperature.
Considerable experimental work is available on the (Zn,Mn)O system. 3 However, the results have been rather controversial. While some groups have reported ferromagnetism in (Zn,Mn)O systems, 4, 5 others report observations of antiferromagnetic or spin-glass behavior. 6 Similarly conflicting results also exist concerning the distribution of Mn in ZnO. Some authors 7 find Mn to be distributed homogeneously, yet others report clustering of Mn atoms. 8 In addition, Rao and co-workers 9 have recently shown that sample preparation conditions are critical to observing ferromagnetism in (Zn,Mn)O.
There have been several theoretical studies as well on this system. However, most of these are confined to Mn substitution in bulk ZnO crystal. Using the Korringa-Kohn-Rostoker method combined with the coherent potential approximation, Katayama-Yoshida and Sato 10 have shown that Mn doped ZnO has an antiferromagnetic ground state. These authors used a 16-atom supercell in which two Zn atoms were replaced by Mn atoms, thus leading to a Mn concentration of 25%. They used the lattice parameters as given experimentally for ZnO and no attempts were made in relaxing the geometry of the supercell after Mn substitution. Their results were based on the local density approximation to the density functional theory. A recent theoretical and experimental study, however, reports a ferromagnetic ground state for the same system with a Mn concentration of 4.2%. 5 Little attention has been given to the theoretical study of thin films synthesized under nonequilibrium conditions, such as molecular beam epitaxy, metalorganic chemical vapor deposition, and pulsed laser deposition. Under these conditions the structural relaxations can be significant. In addition, the re-sults may also depend upon the sites Mn and other codoped atoms occupy. We have recently calculated the total energies of a (Zn,Mn)O ͑1010͒ thin film with 12.5% Mn substituted at the Zn site. The ground state of the film was found to be antiferromagnetic with the ferromagnetic state lying 0.133 eV/ Mn atom above the ground state.
In this paper we report a theoretical study of (Zn,Mn)O thin film codoped with N, and show that this codoping can change the ground state from antiferromagnetic to ferromagnetic. We have chosen the ͑1010͒ surface of ZnO having wurtzite structure. The thin film was modeled by a slab consisting of eight layers. The top and bottom surfaces were separated from other slabs in a supercell geometry by introducing a vacuum region of 10 Å. The center four layers of this slab were fixed at the bulk crystalline position while the top two and bottom two layers of the slab were relaxed without symmetry constraint. The supercell consists of 32 Zn and 32 O atoms as shown in Fig. 1 . To study the effect of Mn and N codoping on the properties of ZnO, we have replaced Zn sites with Mn and O sites with N in the Zn 32 O 32 supercell. For each Mn and N concentration we have studied the preferred sites of Mn and N atoms in the supercell by calculating the total energies for various choices of the replacement sites. For clarity of sites chosen, we have numbered all the Zn and O atoms in the Zn 32 O 32 supercell (see Fig. 1 ). For each configuration, the atomic positions in the top two and bottom two layers of the supercell were fully relaxed without any symmetry constraint. The total energies were calculated using the projected augmented wave method as implemented in the Vienna Ab initio Simulation Package. 11 The calculations were performed using the generalized gradient approximation in the density functional theory. 12 The k-points convergence was achieved with ͑6 ϫ 4 ϫ 1͒ Monkhorst-Pack grid. 13 Tests performed with up to ͑8 ϫ 6 ϫ 2͒ k-point mesh indicated that our result based on the smaller grid is quantitatively reliable. The energy cutoff in the plane wave basis was 350 eV. The convergence in energy and threshold for force optimization were set at 10 −4 eV and 3 ϫ 10 −3 eV/ Å, respectively. To determine the magnetic coupling between Mn atoms, it is necessary to dope the thin film with at least two Mn atoms, and calculate the total energies by allowing the Mn spins to couple both ferromagnetically and antiferromagnetically.
We first summarize our results on ZnO ͑1010͒ thin film doped with Mn. Details of these results can be found elsewhere. 14 Due to the symmetry of the slab, we chose a Zn 28 Mn 4 O 32 supercell where two Mn atoms were substituted at two specific Zn sites on the top two layers of the slab, as shown in Fig. 1 . The symmetry of the slab then requires that the corresponding Zn sites on the bottom two layers also be replaced by Mn. We chose six different configurations for Mn substitution. These corresponded to replacing Zn sites marked (Nos. 2, 4), (Nos. 2, 3), (Nos. 2, 5), (Nos. 2, 8), (Nos. 5, 8), and (Nos. 5, 6) (defined as configuration I-VI, in sequence), respectively. Note that in these configurations, the Mn-Mn separation, as well as their nearest neighbor environment vary. For each of the earlier configurations, we studied the total energies of the antiferromagnetic (AFM) and ferromagnetic (FM) coupling between Mn spins. We found that the most preferred configuration is the one in which two Mn atoms occupy the nearest neighbor (Nos. 2, 4) sites in the surface layer. The antiferromagnetic state is lower in energy than the ferromagnetic state by 0.133 eV/ Mn atom. The O atoms near Mn impurities are polarized ferromagnetically. The next most favorable configuration has Mn atoms in the second layer, again occupying the nearest neighbor (Nos. 5, 8) sites. The antiferromagnetic and ferromagnetic states are 0.041 eV/ Mn atom and 0.094 eV/ Mn atom above the ground state configuration, respectively. For each of the remaining four configurations, we also found the antiferromagnetic state to be lower in energy than the ferromagnetic state.
We have explored the possibility that the (Zn,Mn)O system when codoped with N could turn into a ferromagnet as N would introduce hole carriers. These in turn could mediate the ferromagnetic coupling between Mn spins. We have studied this possibility by doping with four different concentrations of nitrogen. 8 , which amount to 6.25%, 12.5%, 18.75%, and 25.0% N substitution at O sites. For each of these concentrations we again studied the energetics of various configurations by replacing different Zn and O sites with Mn and N respectively. In the following we discuss each of these concentrations in sequence.
1. Zn 28 Mn 4 O 30 N 2 . Total energies were calculated for both FM and AFM configurations by replacing two Zn sites (Nos. 2, 4) with Mn, and O site (No. 37) with N, as shown in Fig. 1 . The corresponding sites on the bottom layers were similarly replaced to preserve symmetry. The calculations were repeated with Mn replacing Zn sites (Nos. 5, 8) and N replacing O at site (No. 33). The ground state configuration is again found to be antiferromagnetic, in which the two Mn atoms form nearest neighbors on the surface with the N atom binding to both the Mn atoms (see Table I and Fig. 1 ). Unlike the case of Zn 28 Mn 4 O 32 , where the FM state was 0.133 eV/ Mn atom above the AFM state, the energy difference between AFM and FM states in the N-doped sample is considerably reduced. The FM state is only 0.045 eV/ Mn , and (Nos. 5, 6; 36, 34, 40, 37), These configurations are again defined as configuration I-VI. For all these substitutions, we once again computed the total energies for FM and AFM states. The energy difference between AFM and FM for the above six configurations are plotted in Fig. 2 and compared with corresponding results before N codoping. We found the FM state to be lower in energy for all these configurations with the energy difference ⌬E ranging from 0.002 to 0.080 eV/ Mn atom. However, in Table I we only give the results for the ground state configuration V. In this configuration, the two Mn atoms form nearest neighbors in the second layer with four N atoms binding to both the Mn atoms. The energy of the AFM state is 0.028 eV/ Mn atom higher than the FM state.
Origin of ferromagnetic coupling. We now analyze the electronic structure corresponding to the lowest energy configurations of (Zn,Mn)O and N doped (Zn,Mn)O system to understand why ferromagnetism is preferred with increasing N concentration. For the latter we concentrate on the results corresponding to the Zn 28 Mn 4 O 24 N 8 supercell. This is accomplished through a study of the density of states (DOS), as shown in Fig. 3 . We begin with the DOS of pure ZnO Fig. 3(c) . Note that neither Mn nor O introduce DOS at the Fermi energy although there is hybridization between Mn 3d and O 2p states.
In Fig. 3(d) we plot the total DOS corresponding to the Zn 28 Mn 4 O 24 N 8 supercell. Here we see that the Fermi energy passes through the spin-up density states. There are no contributions to the DOS from the spin-down band. The system thus behaves as a half metallic system. To understand the nature of the electrons at the Fermi energy, we have calculated the partial density of states around Mn and N atoms occupying sites (No. 8) and (No. 33) in Fig. 1 . These are plotted in Fig. 3 (e) . We see distinct overlap between Mn 3d and N 2p states in the spin-up bands which leads to significant DOS at the Fermi energy and hence to the half-metallic character of N codoped (Zn,Mn)O system. In Fig. 3(f In conclusion, we have shown that by codoping N and Mn, it is possible to make ZnO into a dilute magnetic semiconductor. Mn and N atoms prefer to exist as nearest neighbors in ZnO. The FM state is the result of N 2p and Mn 3d interaction. Doping N atoms introduces carriers, while doping Mn atoms introduces local magnetic moments. Just as seen in clusters, the magnetic moment of Mn polarizes the spins at the neighboring N sites antiferromagnetically. Ferromagnetism is mediated through the p-d exchange interaction between carriers and Mn atoms. It should be pointed out that codoping of ZnO with Mn and N may not be easy. However, some recent experiments provide room for optimism. Matsui and his co-workers, 16 using NO and N 2 O source with the radio frequency plasma, were successful in controlling the N concentration systematically. Similarly, Ma and his colleagues 17 have synthesized nitrogen doped ZnO thin films with various nitrogen concentrations by thermal processing of zincoxy nitride alloy films prepared by radio frequency reactive magnetron sputtering. This progress provides some clues for codoping N and Mn in ZnO to realize ferromag-netism in this system. Special experimental techniques may be needed in the practical synthesis. It is hoped that this study will motivate new experimental investigations.
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